A number of robotic exoskeletons are being developed to provide rehabilitation interventions for those with movement disabilities. We present a systematic framework that allows for virtual prototyping (i.e., design, control, and experimentation (i.e. design, control, and experimentation) of robotic exoskeletons. The framework merges computational musculoskeletal analyses with simulation-based design techniques which allows for exoskeleton design and control algorithm optimization. We introduce biomechanical, morphological, and controller measures to optimize the exoskeleton performance. A major advantage of the framework is that it provides a platform for carrying out hypothesisdriven virtual experiments to quantify device performance and rehabilitation progress. To illustrate the efficacy of the framework, we present a case study wherein the design and analysis of an index finger exoskeleton is carried out using the proposed framework.
Introduction
Clinical studies have shown that physical therapy with robotic exoskeletons has the potential to increase sensorimotor cortex activity after chronic stroke, which results in improved limb motor function [1] [2] [3] [4] . However, designing effective exoskeletons is challenging and requires overcoming several technical challenges in a number of areas including actuators, sensors, physical human-robot interaction, and control based on the user intent [5] [6] [7] [8] . In addition, accounting for the complex movement biomechanics and specific goals of the physical therapy (e.g., improve impaired limb range of motion, strength, and function) are also essential. Specific design requirements range from the physical hardware design (e.g., selection of the architecture and method to attach to the subject) to software-based control (e.g., impedance-based [9] and electromyography (EMG)-based or adaptive assist-as-needed control [10, 11] ).
A major limitation of the current practices for the design of robotic exoskeletons is that the dynamics, biomechanics, and neuromuscular controls of the human body are either ignored [12] or greatly simplified [13] [14] [15] [16] . Simplifications can make it difficult to understand the influence of the exoskeleton on the musculoskeletal system and lead to suboptimal designs. Since exoskeletons are in close physical contact with the subjects, a synergistic approach that accounts for the coupled dynamic human-exoskeleton system is needed to ensure optimal performance.
In engineering design, computer-based functional physical simulations are commonly used for iterative refinement of products early in the design stage in order to reduce cost and improve performance [17] . A number of tools have been developed for musculoskeletal analyses over the past two decades including software for interactive musculoskeletal modeling [18] , OpenSim [19] , AnyBody modeling system [20] , LifeModeler [21] , and virtual interactive musculoskeletal system [22] . These tools have been used to analyze the coupled human-exoskeleton systems using musculoskeletal analyses [23] [24] [25] [26] . However, these studies have been problem specific and analyzed or optimized with ad hoc objective functions without developing a comprehensive understanding of how the various performance measures affect the exoskeleton design and control performance. Without this understanding, it is difficult to predict what needs to be modified in order to improve the coupled system performance. Thus, a simulation framework that includes the musculoskeletal system coupled with the exoskeleton is needed to design and analyze the combined human-exoskeleton system, evaluate its performance, and perform virtual experiments to improve the design performance.
In this work, we develop a generalizable framework that allows for the simultaneous modeling of the exoskeleton hardware and the musculoskeletal system in order to optimize exoskeleton designs to improve rehabilitation outcomes. Specifically, we integrate computational musculoskeletal analyses with simulation-based design techniques to iteratively optimize the performance of a robotic exoskeleton using biomechanical, design, and controller performance measures. To illustrate the effectiveness of the proposed framework, we present a case study on virtual prototyping of an index finger exoskeleton and virtual experiments where different pathologies are simulated to illustrate how the degree of disability and rehabilitation recovery can be quantified. We have presented portions of this work in Refs. [27] [28] [29] .
Overview of Virtual Prototyping Framework
Below, we present the framework to develop and refine hardware design and control algorithms for robotic exoskeletons that are in close contact with the human user. We introduce three types of measures to assess performance of the coupled human-exoskeleton model: (I) Biomechanical measures that include musculoskeletal quantities (e.g., joint reaction forces, muscle forces, and metabolic power consumption, etc.), (II) Morphological measures that are derived from the physical design (e.g., structural configuration, link lengths, stiffness, etc.) of the exoskeleton (e.g., coupled system range of motion, stability, controllability, etc.), and (III) Controller measures that describe the performance of the exoskeleton controller (e.g., steady-state tracking error, response time, maximum overshoot, etc.).
The following steps summarize the proposed framework ( Fig. 1 ):
Step 1 (Initial modeling): Develop an initial coupled exoskeletonlimb musculoskeletal model that captures the kinematics and dynamics of the coupled system along with the dynamics of the musculotendon actuators. In addition, develop a controller for the exoskeleton and identify appropriate models for the sensors and actuators in the exoskeleton.
Step 2 (Performance measure identification): Identify the critical questions related to the coupled system performance. This will include identification of the key biomechanical, morphological, and controller measures that affect the coupled system performance. In addition, identify a nominal motion trajectory for the coupled exoskeleton-limb model based on the desired rehabilitation movement for which the exoskeleton design and control is optimized.
Step 3 (Model fidelity): Improve the coupled exoskeleton-limb model fidelity by optimizing kinematic and dynamic parameters of the human limb and the exoskeleton using the experimental measurements. For example, the muscle moment arm data collected from cadaver studies can be used to obtain better estimates of the muscle routing in the musculoskeletal model. Also, initial estimates of the inertial parameters of the model can be obtained using a computer-aided design (CAD) model of the device. This step can also account for subject-specific customization of the coupled model.
Step 4 (Virtual design): Carry out a virtual design by iteratively optimizing biomechanical and/or morphological performance measures while reproducing the nominal motion trajectory. This includes studying the effects of variability, determining the best geometries for performance (e.g., lower torques with improved controllability), and examining relationships between form and function (e.g., improved biomechanical compatibility). We set up the design optimization problem by coupling parametric models with functional simulation tools.
Step 5 (Virtual control): Carry out virtual control by iteratively developing and refining control algorithms for the coupled system. The exoskeleton controller parameters can be tuned to optimize the performance for the desired motion trajectory. Once the initial design of the exoskeleton is finalized, a detailed controller for the exoskeleton actuators can be modeled and simulated to test different control strategies (e.g., position, torque, impedance control [30] and adaptive assist-as-needed control [31] ).
Step 6 (Virtual experimentation): Carry out virtual experiments to study specific "what-if" scenarios (e.g., introduce impaired muscle groups in the model) and generate modifications in the design and control to investigate such cases. We also show how the proposed framework can help quantify the performance of many candidate designs and thus significantly shorten the development life cycle of the exoskeletons.
Below, we present a case study to illustrate the application of the proposed framework to virtually prototype an index finger exoskeleton.
Index Finger Exoskeleton Prototyping Case Study
An index finger exoskeleton is chosen as an example since the index finger plays a significant role in hand function [32] , and rehabilitation of index finger movement is important during the recovery after stroke. In addition, a hand exoskeleton consists of several similar modules for other fingers, and thus, an analysis of the index finger module would provide overall quantitative performance of the device. We also present virtual experiments where different pathological conditions are simulated.
We developed a preliminary design of the index finger exoskeleton (Figs. 2(a) and 2(b)). The setup consists of a base to which the exoskeleton and actuators (not shown in figure) are connected. The design supports active assistance of the metacarpophalangeal (MCP), proximal interphalangeal (PIP), and distal interphalangeal (DIP) joints of the index finger in both flexion and extension. The design also has a passive degree-of-freedom (DOF) for abduction and adduction at the MCP joint. The device is actuated using antagonistic tendons connected to the actuators (i.e., exotendons), such that it can be used for both active and passive rehabilitation. In active rehabilitation, finger movements are achieved by the combined efforts of the patient and device, whereas in passive rehabilitation finger movements are achieved by the device entirely. The design has a mechanism to adjust the link lengths for accommodating different hand sizes. The range of motion of the various joints can also be adjusted to accommodate a subject's rehabilitation needs.
We introduced spring elements as links in the design to: (a) make the exoskeleton kinematically and dynamically compatible with the human finger and (b) help accommodate any misalignment between the exoskeleton and finger joint axes of rotation to reduce undesired reaction forces at the human joints. In addition, it is possible to reduce the requirement on the control efforts by introducing optimal compliance. Compliance is introduced to make the interaction with the device more comfortable and may lead to prolonged therapy sessions. Further details regarding the exoskeleton can be found in Ref. [29] .
In this case study, we focus on the appropriate choice of the exoskeleton stiffness that would result in best tracking performance with the least joint reaction forces, while obtaining the required muscle excitation and exotendon control input (Sec. 3.2). To this end, we carry out a parametric study to assess the effect of the exoskeleton spring stiffness values (k 1 -k 4 ) (Fig. 2(c) ) on tracking performance, finger joint reaction forces, and muscle and exotendon forces. Below, we apply the six steps of our framework to the design and analysis of the index finger exoskeleton.
Initial
Modeling. An index finger musculoskeletal model ( Fig. 3(b) ) was first isolated from the upper extremity model ( Fig. 3(a) ) presented by Holzbaur et al. [33] while retaining the wrapping surfaces and four Hill-type musculotendon actuators associated with the index finger. A coupled finger-exoskeleton model ( Fig. 2(c) ) was then developed to closely resemble the Fig. 1 Virtual prototyping framework illustrating the virtual design and control of an index finger exoskeleton using biomechanical, morphological, and controller performance measures preliminary prototype of the device. A linear passive rotational stiffness and damping element was added to the three index finger joints to represent the passive contributions from ligaments and other structures [34, 35] . Also, linear spring elements (k 1 -k 4 in Fig.  2(c) ) coupling the various exoskeleton links were added to the model. It was assumed that the exoskeleton links are rigidly attached to the finger phalanges and the springs in the design comply to accommodate for any discrepancy in the kinematics that could lead to significant movement of the exoskeleton links. The spring forces between the exoskeleton links were modeled as linear springs, and the passive stiffness at the finger joints was modeled as a rotational spring. So, any misalignment of the exoskeleton generates additional forces due to the stretching of the linear springs, which are eventually transferred to the finger phalanges through the strapped exoskeleton links.
We treated the three exotendons as the force generating elements and modeled them as musculotendon units with their optimal fiber lengths chosen such that the actuators generate a wide range of forces (similar to that of the linear actuators on the device) over the exotendon excursions corresponding to the range of motion of the finger joints. The routing of these musculotendon units is modeled based on the physical routing of the exotendons on the device. Also, since for rehabilitation the required velocities are low, changes in the velocity versus force profile were not needed to achieve the desired force variation. The values for the inertia of the various exoskeleton links in the model are estimated from the CAD model ( Fig. 2(a) ).
We used OpenSim [19] as the computational engine to carry out the musculoskeletal modeling, simulation, and analysis. The musculoskeletal model is a constrained multibody system driven by individual muscle actuators. The model is defined by musculoskeletal geometry, body segment dynamics, and differential equations that describe the muscle contraction dynamics. The model allows for monitoring of a number of internal variables including system lengths (e.g., exotendon and spring lengths), muscle actuator forces, joint reaction forces, and mechanical work. motion tracking performance of the device (i.e., how accurately the exoskeleton moves the finger joints relative to the desired finger joint trajectories)? (b) how does the exoskeleton stiffness affect the muscle and exotendon forces during operation? and (c) how does the exoskeleton stiffness affect the joint reaction forces (e.g., should be as low as possible for a comfortable interaction with the device)? We assessed the performance using the following measures: (a) Biomechanical measures consisting of finger joint reaction forces and musculotendon forces, which are important biomechanical factors for a hand exoskeleton [16, 29] and (b) Morphological measures quantifying exoskeleton kinematic compatibility (i.e., motion tracking performance) and dynamic compatibility (i.e., exotendon forces that are governed by the spring stiffness chosen for the exoskeleton).
Previous work has shown that human finger joint motions corresponding to certain activities of daily living can be approximated using a sinusoid [36] . Thus, we used a sinusoidal flexion-extension trajectory (Eq. (1)) to be the desired motion and assumed the relative exoskeleton joint angular displacements to be zero as these are small during the motion. A relationship between PIP and DIP joint angles was developed based on hand anatomy [37] and used to constrain the two joint angles as follows:
where h j represents the joint angle; and h m,j , x j , and / j represent the magnitude, angular frequency, and phase, respectively, of the sinusoidal trajectory for the jth joint.
Model Fidelity

Moment Arm Experimental Data Fitting.
Finger moment arms derived from cadaveric or in vivo studies vary among studies due to differences in the methods used to collect the data and hand sizes [38] [39] [40] [41] . In order to evaluate the moment arm accuracy, the experimental data were first normalized and then fitted with a second-order polynomial function. We normalized the moment arms by multiplying it with a ratio of the total index finger length of the musculoskeletal model to the length provided in the respective data set. We only evaluated moment arm fitting functions for the index finger flexors-flexor digitorum profundus (FDPI) at MCP, PIP, and DIP and flexor digitorum sublimis (FDSI) at MCP (Fig. 4) , due to the availability of reliable data for these muscles. The fitting results (Table 1) showed that the nonlinear fitting functions accurately represent the experimental moment arm data.
Muscle Moment Arm Optimization.
A comparison of the muscle moment arm of the available musculoskeletal model (Fig. 3) with the fitted data (Fig. 4) showed that the two differ significantly. A previous study optimized the shoulder joint moment arms by altering the wrapping object parameters [42] . However, no study has optimized the moment arms by altering both the muscle points (i.e., origin, via, and insertion points) and wrapping object parameters. Thus, we refined the moment arm of muscles individually by altering both the muscle points and wrapping object parameters to minimize the difference between model and experimentally fitted moment arms (Eq. (2)) subjected to upper () and lower limits (-) on the allowable changes (X -X 0 ) in the parameters
where m is the number of joints spanned by the muscle, n is the number of time steps, h ij is the joint angle of the ith joint at the jth time step, X is the location of muscle points and dimensions of the wrapping objects, and r mod and r exp , are the model and experimentally measured moment arms, respectively. We evaluated the moment arms using OPENSIM and used an interior-point algorithm [43] for the optimization. A MATLAB-OpenSim interface (Fig. 5 ) was developed to carry out the optimization and is described next.
MATLAB-OpenSim Framework.
A MATLAB-OpenSim framework was developed to carry out the optimization of the muscle moment arms (Fig. 5) . A MATLAB script writes an OpenSim model and states (joint angles) file with the desired model parameters and states, respectively. The OpenSim application programming interface (API) commands were then invoked from within MATLAB to analyze and write to file the moment arm of each muscle. The model output and fitted results (Fig. 4) were used to evaluate the optimization objective function (Eq. (2)), which was then iteratively optimized by altering the model parameters. Currently, the developed framework is designed to optimize the moment arms. However, the OpenSim API commands can be used to carry out a wide range of analyses.
Virtual Design and Control.
To reproduce the desired trajectory with the coupled optimized model, we used computed muscle control (CMC) in OpenSim to determine both the muscle excitation patterns and exotendon control input to track the desired trajectory. CMC is an efficient algorithm to compute muscle excitation patterns (i.e., actuator control inputs) using static optimization along with feedforward and feedback control to drive the kinematic trajectory of the musculoskeletal model toward a set of desired kinematics [44] . The feedback control used in CMC was a proportional-derivative control with k p and k v as the proportional and derivative gains, respectively.
We used the sinusoidal motion (1) as the desired motion for the coupled system (€ q j Ã ; € q k Ã ). Lower tracking weights (w exo ( w fin in Eq. (3)) were used for exoskeleton link joint angles and reserve actuators in OpenSim [19] at the various joints to compensate for the assumed motion of the exoskeleton links. We used w exo ¼ 0.1 and w fin ¼ 1000 as the tracking weights in the analysis. We used proportional gain k p ¼ 100 and derivative gain k v ¼ 20 for the CMC feedback control
3.4.1 Parametric Study. A parametric study was carried out to study the effect of exoskeleton stiffness (k 1 -k 4 ) variation on the coupled system performance using the developed MATLABOpenSim framework. The stiffness values are varied in the design space, and CMC analysis is carried out to evaluate the system performance metrics. We define three metrics based on the identified performance measures to quantify design performance.
Average finger joint angle root mean square (RMS) error (DH f ) is defined as the RMS error between the actual finger joint angle
Preliminary CMC simulation of the system showed that low exoskeleton stiffness leads to oscillation of the exoskeleton links, which could result in destabilizing the system. To quantify this oscillation, we define exoskeleton joint angle metric (DH e ) as the standard deviation of the exoskeleton joint angle (h ea ) trajectory averaged over the number of exoskeleton joints (N e ) (Eq. (5)). This metric is intended to quantify the spread of the exoskeleton joint angle trajectory
Average finger joint reaction force (R f ) is defined as the RMS of the resultant force induced at the finger joints averaged over the number of joints (Eq. (6))
We 
Virtual Experimentation.
Once the design parameters for the exoskeleton were evaluated, we carried out several virtual experiments. A hypothesis is setup for each virtual experiment, and a simulation is carried out to verify if it supports the stated hypothesis. The experiments showed how the various pathological conditions can be modeled using musculoskeletal analysis and how the degree of disability and recovery can be quantitatively assessed for each. One important aspect of such experiments is that they could help in assessing and building the missing relationship between the physical and functional aspects of hand function.
3.5.1 Weak Muscle. Muscle weakness may result from either muscle dystrophy [45] or limited neural excitation [46] . We simulated the two scenarios by considering the flexor FDSI to be weak. FDSI muscle was chosen as its force contribution is the highest among all the finger muscles [47, 48] . We simulated muscle dystrophy by reducing the maximum isometric strength of the FDSI to 50% of its nominal value. Limited neural excitation was simulated by imposing an upper bound (u FDSI,max in Eq. (3)) on the allowable excitation in CMC to 5% of the maximum allowable value (u FDSI 0.05). We used average muscle or exotendon force change to quantify the degree of disability as it provides a single metric to understand a collective increase or decrease in the muscle or exotendon forces. Average muscle or exotendon force change (D f ) is defined as the difference in muscle or exotendon force, respectively, between the impaired (f w ) and healthy (f h ) models for each muscle averaged over time (Eq. (7)) as
where M represents the number of finger muscles or exotendons in the model. The metric can also be defined for each muscle or exotendon individually. Hypothesis (i): A finger with an impaired FDSI muscle (either due to muscle dystrophy or limited neural excitation) will generate less average muscle force and require more exotendon force to perform the same motion as compared to a healthy finger. This is because the reduced force contribution of the FDSI muscle to the required net force will be compensated by the exotendons to generate the same motion. Also, the higher the reduction in muscle force, the more exotendon force will be needed.
As a result, the relative decrease in muscle or increase in exotendon force will convey the degree of the muscle weakness.
Hypertonicity.
Studies have shown that hypertonic (rigid or spastic) muscles lead to increased joint stiffness [49, 50] . We simulated hypertonicity by increasing the stiffness at the three finger joints to two times their nominal values. The degree of disability was assessed by using average muscle excitation change, Fig. 5 A MATLAB-OpenSim interface for moment arm optimization. An OpenSim model was generated on-the-fly using MATLAB with the initial parameters. The model was then analyzed for the moment arms using the OpenSim API commands from within MATLAB. The resulting moment arms were used to evaluate the objective function, and the model was optimized iteratively until the termination criteria were met. Transactions of the ASME in addition to average muscle force change. Average muscle excitation or activation change (D u) is defined as the difference in muscle excitation or activation, respectively, between the impaired (u w ) and healthy (u h ) models for each muscle averaged over time (Eq. (8)) as
Hypothesis (ii): A hypertonic finger (increased finger joint stiffness) will require increased muscle excitation (or muscle force) to perform the same motion as compared to a healthy control finger. This is because the increase in finger joint stiffness will require higher muscle forces to achieve the same motion. The increase in the excitation (or force) for this pathology will reflect the degree of hypertonicity.
Imbalanced Muscles.
Muscle balance is defined as the relative equality of muscle length, strength, or tone between agonist and antagonist, which is necessary for normal movement and function [51] . Since, the maximum allowable excitation of a muscle for CMC analysis is 1, to simulate muscle imbalance we considered a scenario where the finger flexors exhibit increased excitation (0.8 u flexors 1). We defined joint angle RMS error as another metric to quantify the degree of disability for this case as the finger joint angles were significantly affected by unbalanced muscles resulting in unnatural finger posture. Joint angle RMS error (Dh f ) is defined as the RMS error between the actual joint angle trajectory (h a ) and the desired joint angle trajectory (h d ) averaged over time (Eq. (9)) as 
Hypothesis (iii): A finger with imbalanced muscles (increased excitation in finger flexors) will result in poorer tracking of the desired joint angle trajectories compared to a healthy finger. This is because consistently increased forces in the flexor muscles will generate uncoordinated motion at the finger joints and make it difficult to track the desired trajectories. How significantly the tracking is affected will depend on how imbalanced the finger muscles are. Thus, the joint angle RMS error will signify the degree of imbalance in the muscles.
Muscle Contracture.
Muscle contracture consists of shortening of muscle length along with an increase in the resistance to passive stretch [52] . We simulated muscle contracture by reducing the optimal fiber length of the FDSI muscle by 10% of its nominal value. The degree of disability was assessed using the average muscle force change.
Hypothesis (iv): A finger with a contractured FDSI muscle will result in increased average muscle force as compared to a finger with normal FDSI muscle. This is because a shortened finger muscle will be stretched more to generate the same motion. This excessive stretching of the muscle will result in increased muscle forces. The increase in the muscle force will indicate the amount of extra stretching, which in turn will depend on the degree of muscle contracture.
3.5.5 Simulating Rehabilitation Progress. Finally, virtual experiments were carried out to assess whether a recovering finger can be simulated as a way of estimating the recovery progress quantitatively using the exoskeleton. Improved finger function was simulated by increasing the maximum allowable excitation constraint (u i,max in Eq. (3)) for the finger muscles during CMC and subsequently, evaluating the required muscle and exotendon forces. Since, with this new constraint higher excitations were allowed for the finger muscles, a redistribution of the muscle and exotendon forces should take place with more forces being applied by the finger muscles. Thus, a recovering finger at various stages of recovery could be simulated using the presented framework along with a quantification of the recovery progress.
Hypothesis (v): A finger with a 85% recovered FDSI muscle will generate more active muscle force as compared to one with 15% recovery. This is because larger active forces will be applied by the recovered finger muscles to contribute to the resultant force needed to generate the finger motion.
Results
Model Fidelity.
A comparison of the optimized model moment arm with the fitted (experimentally measured) data for the FDP muscle at the MCP, PIP, and DIP joints showed that the model-based estimates were close to the fitted data after optimization (Fig. 6) . However, the initial model-based moment arms were significantly different from the fitted (measured) data. Thus, the optimization improved the model fidelity (Fig. 7) .
Virtual Design and Control
Effect of Stiffness on Tracking
Performance. The exoskeleton and finger joint angle metric mappings obtained from the parametric study of the four stiffness values showed the stiffness combinations that result in a stable motion of the exoskeleton and finger joints. The feasible region of the stiffness combination grows as the stiffness value increases (Figs. 8 and  9 ). In general, all the feasible regions are found to satisfy the following general criterion k 1 k 2 k 3 k 4 . Also, the performance changes quickly with small stiffness variation both for the exoskeleton and finger joint angle metric, showing the high sensitivity of the kinematics to the stiffness variation. The exoskeleton joint angle metric mapping shows that the performance improves as both the stiffnesses k 3 and k 4 are increased in a similar manner. However, the finger joint angle error metric shows that the performance improves more with increasing k 3 as compared to k 4 . This can be because both k 3 and k 4 directly interface with an exoskeleton link. On the other hand, k 3 is closer to the finger joint as compared to k 4 . The parametric study helped in understanding this complex relationship between stiffness and joint angle tracking performance.
The plots in time also showed that for the tracking task, the fin- Fig. 10 ). Lower exoskeleton stiffness resulted in larger oscillations in the angular position of exoskeleton links (Exo Prox (CMC), Exo Mid (CMC), and Exo Dist (CMC)), which resulted in a higher exoskeleton joint angle metric. Also, the relationship among different springs' stiffness values in the design defines the kinematic and dynamic compatibility of the exoskeleton with the finger. Furthermore, increasing the exoskeleton stiffness resulted in better tracking of the joint angles as the exoskeleton joint angle fluctuations were reduced. A region with 250 k 1 500, 250 k 2 500, 500 k 3 600, and 600 k 4 700 shows a relatively stable performance.
Effect of Stiffness on Joint Reaction Forces.
The parametric study showed that the finger joint reaction metric follows a relatively smoother pattern as compared to the exoskeleton and finger joint angle metrics (Fig. 11) . This shows that the dynamics of the design is less sensitive to stiffness variation. The finger joint reaction metric is significantly affected by k 3 and is relatively less affected by k 4 . This is because the direct reaction forces induced due to k 4 are grounded by the exoskeleton link and does not result in inducing considerable reaction forces at the finger joints. Also, the induced reaction forces at the finger joints in time showed that the magnitude of the forces at finger joint increases with the increase in exoskeleton stiffness (Fig. 12) . Here, a region with 250 k 1 500, 250 k 2 500, 400 k 3 600, and 500 k 4 800 shows a relatively low joint reaction forces, while being feasible.
Effect of Stiffness on Muscle and Exotendon
Forces. The actuator forces showed that forces were induced in the finger muscles (FDSI, FDPI, EDCI, and EIP) due to their passive stretching (Fig. 13) . However, the majority of the forces were applied by the exotendons (TFD, TFP, and TE) as in the rehabilitation scenario. The exotendon forces also showed fluctuations in the region where the exoskeleton links were oscillating. In addition, increasing exoskeleton stiffness resulted in an increase in the required exotendon forces, which in turn increases the actuator power requirement. Thus, the design allows for increasing the exoskeleton stiffness without increasing the force requirement on the muscles.
Choice of Optimum Stiffness.
Based on the parametric study of the effects of the joint stiffness combination on tracking performance, joint reaction forces, and muscle and exotendon forces, stiffness combination with k 1 ¼ 275 and k 2 ¼ 325 showed that several feasible solutions can be obtained in the region (500 k 3 600 and 600 k 4 700) with satisfactory performance metrics (Fig. 14) . However, a trade-off is involved in selecting the stiffness as the requirement of achieving good tracking performance conflicts with the requirement of low finger joint reaction forces. We choose one such optimum candidate (k 3 ¼ 550 and k 4 ¼ 650) for further analysis of the design, wherein the stability is also maintained in the surrounding region to ensure the robustness of the design against stiffness variation.
Virtual Experimentation
4.3.1 Weak Muscle. When the muscle strength was reduced to 50% the average FDSI muscle force, the average muscle force (8.28 N) decreased by 25.38% (2.10 N) and average exotendon force (19. 04 N) increased by 4.12% (0.7842 N) (Fig. 15(b) ) as 15 Muscle force variation during the finger flexion-extension task in a subject with (a) healthy muscles and (b) weak FDSI muscle due to 50% reduced isometric strength compared to the forces with healthy FDSI muscle ( Fig. 15(a) ). The average muscle and exotendon force change for the weak FDSI muscle due to limited neural excitation of 5% wasÀ13.76% (À1.1396 N) and 2.47% (þ0.4698 N), respectively.
Hypertonicity.
The average muscle excitation for a healthy control subject was 0.05 ( Fig. 16(a) ), and the average increase in muscle excitation with two times stiffer joints was 99.99% (0.05) (Fig. 16(b) ). The average muscle force for a healthy subject was 8.28 N, and the average muscle force change with two times stiffer joints was 32.93% (þ2.73 N).
Imbalanced Muscles.
With the imbalanced muscles, the actual finger joint angles significantly deviated (Fig. 17(b) ) compared to the healthy control subject (Fig. 17(a) ). The RMS error for the MCP, PIP, and DIP joints for the imbalanced muscles was 4.82 deg, 25.53 deg, and 60.26 deg, respectively, as compared to 2.20 deg, 1.24 deg, and 0.55 deg, respectively, for a healthy control subject.
Muscle Contracture.
With muscle contracture, the FDSI muscle had higher force toward the beginning and end of the task (Fig. 18(b) ) as compared to the forces with healthy FDSI muscle ( Fig. 18(a) ). The average muscle force change (8.28 N) for FDSI muscle contracture due to 10% reduction in optimal fiber length was 10.05% (þ0.833 N).
Simulating Rehabilitation Progress.
With increased recovery, more active forces were applied by the finger muscles (Fig. 19) . Furthermore, the active finger muscle fiber forces (FDSI, FDPI, EDCI, and EIP) were small.
Discussion
5.1 Virtual Design and Control. The parametric study showed a process for determining optimum stiffness such that tracking performance is ensured while also minimizing finger joint reaction forces. However, measuring joint reaction forces induced at the finger joints in situ is challenging with a human subject due to the invasive nature of direct measurement and is at best estimated using kinematic and kinetic models with measurements from cadavers [53] . Furthermore, Chao et al. reported only average normalized forces for two specific finger poses as it is difficult to get specific forces induced while performing a task with a cadaver. Chao et al. also stated that in general, the forces become progressively larger from DIP to PIP to MCP. Our simulation shows similar trends. Moran et al. simulated the two poses using the results from Ref. [53] with peak reported forces for one of the poses along one of the directions as À79 N [54] . Our results show comparable peak forces. However, since the finger moves through a large range of motion in our simulation, it is unfitting to directly compare the induced joint reaction forces. This is because the finger joint reaction forces are also significantly affected by the finger pose due to the considerable forces required to stretch the passive structures at the joints and to overcome the effects of damping and system inertia [34, 35] .
Virtual Experimentation.
For the virtual experiment with a weak muscle, for both the weakness due to muscle dystrophy and limited neural excitation, the average muscle force reduced and the average exotendon force increased, which quantifies the degree of weakness of the muscle and supports hypothesis (i). For the experiment with hypertonicity, both the muscle excitation and force were found to increase, which quantifies the degree of hypertonicity of the finger and supports hypothesis (ii). The experiment with imbalanced muscles showed that the RMS joint angle error is larger with imbalanced muscles as compared to a healthy subject, which quantifies the degree of muscle imbalance and supports hypothesis (iii). The experiment with muscle contracture showed increased FDSI muscle force toward the beginning and end of the task. This is due to the fact that the finger had a low flexion angle at these instants, and thus, higher FDSI muscle force was induced due to passive stretching of the muscle with reduced optimal fiber length. The excessive induced force increased with reduction in the optimal fiber length, and hence, average muscle force change indicated the degree of muscle contracture and supports hypothesis (iv). Hypothesis (v) was also supported, as more active muscle forces were observed with increased recovery.
The virtual experiments provided a means to quantitatively assess the degree of disability and recovery for subjects with different pathological conditions. Also, the coupled system model simulation was able to capture the progressing rehabilitation scenario for virtual experimentation. By inputting the exotendon forces measured on the actual prototype into the musculoskeletal model, the forces applied by the finger muscles can be determined, and thus, rehabilitation improvement can be quantified. In addition, the model can be used to determine the actuation requirements for different rehabilitation conditions. Furthermore, the analysis provided examples of how different pathological conditions can be distinguished using the data captured through the exoskeleton.
Limitations.
Although the models in the framework capture a significant portion of the physics and biomechanics of the coupled human-exoskeleton system, following avenues for improvement still exist: (i) The nonlinear nature of the passive viscoelastic torque [34, 55] at the three finger joints could be modeled more accurately; (ii) the current musculoskeletal models do not represent the neuromuscular characteristics of pathologies (e.g., spasticity) accurately [56] ; (iii) we do not model the inertial properties of the actuators on the device explicitly as that would require developing new actuator models in OpenSim; (iv) more detailed models of the physical human-robot interaction can be incorporated in the model, which is assumed to be rigid in the present case study; (v) it is assumed that CMC is a reliable way to resolve the actuator forces in a redundantly actuated coupled human-exoskeleton system; (vi) the current model does not capture the actual mechanics of physical and neurological changes that take place in the impaired limb during the rehabilitation process; and (vii) an experimental validation of the forces applied by the exoskeleton and the induced finger joint reaction forces could be carried out to validate the complex simulations. One of the limitations of the framework, in general, is that it requires a reliable musculoskeletal model of the concerned limb, which is not Fig. 19 Active muscle fiber forces in two simulations representing the improving rehabilitation scenario. (a) 15% recovery and (b) 85% recovery from complete motor disability. Different rehabilitation scenarios are simulated by changing the upper bound on the allowable excitation of the index finger muscles. With increased recovery, more forces are applied by the finger muscles (FDSI muscle carries relatively higher load than the TFD exotendon under 85% recovery) always readily available, and a model of the exoskeleton to start with. In the future, we plan to address the aforementioned limitations and develop more detailed models of the actuators, which can accurately simulate both the kinematics and dynamics of the actuators on the device. We also plan to carry out a design optimization study with a number of other exoskeleton design parameters including mechanism structure and dimensions of various links. A quantitative metric based on tracking performance, required exoskeleton actuator forces, and induced joint reaction forces will be developed to assess the performance of candidate exoskeleton designs. Finally, the data (e.g., exoskeleton sensors and motion capture) from the actual prototype can be collected to carry out simulations. This data can help in further refining the design and control of the device using the presented framework.
Conclusion
We presented a framework for virtual prototyping of exoskeletons by combining musculoskeletal analyses with simulationbased design. With the framework, coupled human-exoskeleton models can be developed for designing, controlling, and testing of exoskeletons using simulation. The framework allows for understanding how the various system design and control parameters affect coupled system performance quantitatively and thereby provides a means to iteratively optimize the performance. We presented biomechanical, morphological, and controller performance measures to quantify rehabilitation, exoskeleton design, and controller performance, respectively. In addition, virtual experiments were conducted using this framework to quantify exoskeleton performance and recovery progress under specific scenarios.
Successful modeling and simulation of the coupled index finger-exoskeleton system demonstrated the features and applications of the proposed framework. Specifically, the case study showed how the exoskeleton actuators (exotendons) can be modeled as muscle-tendon units. The optimization-based approach to modify muscle moment arms by altering the muscle path is an example of model fidelity improvement using experimental measurements. Furthermore, the parametric study carried out for the design variables using CMC showed that the kinematics (joint motion tracking) of the current design is more sensitive to changes in stiffness than its dynamics (muscle, exotendon forces, and joint reaction forces). Finally, the virtual experiments carried out to simulate different pathological scenarios demonstrated the feasibility of quantification of the rehabilitation progress using the current framework. Thus, the case study illustrated how important design decisions for the exoskeleton can be made in a systematic way based on the various performance measures.
